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Abstract
Objectives. Autophagy is a homeostatic and physiological process that promotes the turnover of proteins and organ-
elles damaged in conditions of cellular stress. We previously demonstrated that autophagy represents a key processing
event creating a substrate for autoreactivity, which is involved in post-translational changes and generation of citrulli-
nated peptides, recognized by the immune system in RA. In this study, we analysed whether autophagy is involved in
other post-translational changes that can generate autoantigens, focusing on carbamylation processes. Carbamylation is
a nonenzymatic post-translational modification, in which homocitrulline is generated by the reaction of cyanate with the
primary amine of lysine residues; carbamylated peptides may accumulate during inflammation conditions.
Methods. The role of autophagy in the generation of carbamylated proteins was evaluated in vitro in fibroblasts as well
as in synoviocytes from RA patients, treated with 5mM tunicamycin or 200 nM rapamycin; the correlation between
autophagy and carbamylated proteins was analysed in mononuclear cells from 30 naı¨ve early-active RA patients.
Results. Our results demonstrated that cells treated with tunicamycin or rapamycin showed a significant increase of carba-
mylated proteins. Immunoblotting and immunoprecipitation experiments identified vimentin as the main carbamylated protein.
Furthermore, a correlation was found between autophagy and carbamylation levels in mononuclear cells of naı¨ve RA patients.
Conclusion. These data indicate that autophagy is able to induce in vitro carbamylation processes, and in vivo appears
to be related to an increase in carbamylation during RA. These observations introduce a new pathogenetic mechanism of
disease, which could contribute to more accurate monitoring of patients.
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Rheumatology key messages
. Autophagy induces protein carbamylation in fibroblast-like synoviocytes.
. Immunoprecipitation experiments identified vimentin as the main carbamylated protein.
. A significant association between autophagy and carbamylation levels was observed in mononuclear cells of
naı¨ve RA patients.
Introduction
RA is a systemic, inflammatory chronic disease character-
ized by a persistent immune response with inflammation
and progressive joint destruction [1]; genetic and environ-
mental factors have been implicated as having a role in
disease development [2].
The aetio-pathogenic mechanisms include an inter-
action between the innate and adaptive immune response
that involves antigen-presenting cells, the formation of
autoreactive T cells and the production of autoantibodies,
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such as RF and ACPAs [3]. Thus, RA may be considered a
prototype of autoimmune disease, with the hallmarks of
synovial inflammation and presence of autoantibodies [4].
One of the pathological features of RA is angiogenesis in
the synovial tissues, which causes synovitis, cartilage de-
struction and pannus growth [5]. The synovial tissues in
RA consist of excessive proliferated synovial cells and
many kinds of infiltrated inflammatory cells [6].
Autophagy, which is a homeostatic and physiological pro-
cess that promotes the turnover of damaged proteins and
organelles during cellular stress [7], may be responsible for
post-translational changes of proteins, which may alter their
antigenicity [8], thus playing a role in the pathogenesis of RA
[9]. During autophagy, parts of cytoplasm and organelles
are encapsulated in double-membraned vacuoles, termed
autophagosomes, which fuse with lysosomes to be
degraded [7]. In a previous study we demonstrated in vitro
a role for autophagy in the citrullination process, revealing
this mechanism as a possible trigger for ACPAs [9]. Protein
citrullination is an enzymatic post-translational modification
mediated by the peptidyl arginine deiminase enzymes in the
presence of Ca2+ that converts amino acid residues of ar-
ginine into citrulline through a process of deimination [10].
Citrullination is involved in several physiological processes,
including regulation of the immune system [11], and plays
an important role in the plasticity of nervous system cells
[12] and in inflammatory processes, including RA [13, 14].
In contrast, carbamylation is a nonenzymatic post-
translational modification, in which homocitrulline resi-
dues are generated by the reaction of cyanate with the
primary amine of lysine residues within polypeptide chains
of proteins. The physiological role of carbamylation is un-
clear, but recent studies demonstrated for many disease
states, an involvement of carbamylated protein accumu-
lation in their pathology, that is, these modified proteins
are reported to accumulate in conditions of uraemia, in-
flammation and cigarette smoking [1517].
Isocyanic acid is formed primarily by spontaneous
cleavage of urea into ammonia and cyanate; the latter is
then rapidly converted into its reactive form, isocyanic
acid. Cyanate may also originate from the thiocyanate me-
tabolism, since myeloperoxidase catalyses the oxidation
of thiocyanate in the presence of hydrogen peroxide,
which is responsible for alterations of structural and func-
tional protein properties promoting post-translational
modification, including carbamylation processes [18].
Despite the low concentration of cyanate, trace amount
of carbamylation can be detected in healthy individuals
[19]; elevated carbamylation was extensively reported
among patients with renal dysfunction and elevated
blood urea nitrogen levels [20].
Research on post-translational modification of proteins
has proved to be of great interest in recent years, because
in autoimmune diseases, such as RA [9, 10, 13, 14, 21],
SLE [22] and APS [23], they may generate different auto-
antigens [24].
In this regard, we suggest autophagy as a key mechan-
ism involved in post-translational modifications [9]
and autoantigens generation [25]. Many auto-antigenic
epitopes are indeed of intracellular derivation [26] and
autophagy can be relevant for loss of tolerance to intra-
cellular molecules and in this way be responsible for the
autoimmune process [27].
In this research, we evaluated in vitro the role of autop-
hagy in the generation of carbamylated proteins, and ex
vivo the correlation between autophagy and carbamylated
proteins in naı¨ve early-active patients with RA.
Methods
Cell cultures and treatments
Primary human fibroblast cells, arising from skin biopsy,
were prepared as previously described [28, 29]. The cells
were obtained from biopsies of sun-protected forearm
skin according to standard culture methods. All the
donors gave their informed consent. All the analyses
were performed on cells between the third and seventh
passage of culture at nearly 90% confluence. Cells were
grown in DMEM (Sigma-Aldrich, Milan, Italy) containing
10% fetal calf serum (Sigma-Aldrich, Milan, Italy).
Synovial tissue was drawn during total knee replace-
ment of RA and OA patients after collecting their informed
consent. The patients’ mean age was 73.25 years (range
7379 years); 50% of patients were female. Fibroblast-like
synoviocytes were isolated as described in a previous
study [30] and cultured in DMEM: nutrient mixture F-12
(DMEM/F12, Sigma-Aldrich, Milan, Italy), containing 10%
fetal calf serum (Sigma-Aldrich, Milan, Italy).
All culture media contained 100 U/ml penicillin and
10mg/ml streptomycin and all the cell cultures were main-
tained under standard conditions at 37C in a humified
atmosphere, containing 5% CO2.
For autophagy induction, cells were treated with 5 mM
tunicamycin (from Streptomyces lysosuperficus; TNC,
Calbiochem, La Jolla, CA, USA) or with 200 nM rapamycin
(Sigma-Aldrich, Milan, Italy), for different incubation times
(5min, 20min, 1 h or 4 h) at 37C.
Western blot analysis of carbamylated proteins
Primary human fibroblasts, fibroblast-like synoviocytes
(untreated or treated with TNC 5mM or rapamycin
200 nM for different incubation times at 37C) and mono-
cytic cells were lysed in lysis buffer, containing 1% Triton
X-100, 10mM Tris-HCl (pH 7.5), 150mM NaCl, 5mM
EDTA, 1mM Na3VO4 and 75U of aprotinin. The cell sus-
pensions underwent Dounce homogenization (10 strokes).
The lysates were centrifuged for 5min at 1300g to remove
nuclei and large cellular debris. The protein content was
determined by Bradford assay (Bio-Rad, Segrate, MI,
Italy) and equal amounts of whole-extract proteins were
subjected to 10% SDSPAGE. The proteins were blotted
onto polyvinilidene difluoride (PVDF) membranes (Bio-
Rad, Segrate, MI, Italy). Membranes were blocked with
5% defatted dried milk in Tris-buffered saline, containing
0.05% Tween-20. Rabbit anti-Carbamyl-Lysine polyclonal
antibodies (Abs) (CliniSciences, Nanterre, France) and
horseradish peroxidase-conjugated anti-rabbit IgG Abs
(Sigma-Aldrich, Milan, Italy) were used. Immunoreactivity
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was assessed by the chemiluminescence reaction, using
the Enhanced Chemiluminescence western blotting de-
tection system (Amersham, Buckinghmashire, UK).
The anti-Carbamyl-Lysine antibody was stripped from the
PVDF and the membrane was then reprobed with a rabbit
anti-vimentin mAb (Cell Signaling, Danvers, MA, USA).
Immunoprecipitation of vimentin
Primary human fibroblasts and fibroblast-like synovio-
cytes, untreated or treated with 5mM TNC or 200 nM rapa-
mycin for 20min and 4 h at 37C, were lysed in lysis buffer
as described above. To preclear nonspecific binding, cell-
free lysates were mixed with protein G-acrylic beads
(Sigma-Aldrich, Milan, Italy) and stirred by a rotary
shaker for 2 h at 4C. The supernatants were centrifuged
(500g for 1min) and then immunoprecipitated with
goat polyclonal anti-vimentin Abs (R&D Systems,
Minneapolis, MN, USA) or with irrelevant IgG as a negative
control plus protein G-acrylic beads. The immunoprecipi-
tates were analysed by western blot using a rabbit anti-
Carbamyl-Lysine Ab (CliniSciences, Nanterre, France) and
immunoreactivity assessed by chemiluminescence reac-
tion, as reported above. To confirm that the positive band
was vimentin, the PVDF membrane was stripped and then
reprobed with a rabbit anti-vimentin mAb (Cell Signaling,
Danvers, MA, USA). Densitometric scanning analysis was
performed by Mac OS X (Apple Computer International,
Cupertino, CA, USA), using National Institutes of Health
ImageJ 1.62 software. The density of each band (absolute
value) in the same gel was analysed.
Analysis of autophagy
Primary human fibroblasts, fibroblast-like synoviocytes
(untreated or treated with TNC 5 mM or rapamycin
FIG. 1 Role of autophagy in generation of carbamylated proteins in human fibroblasts from control subjects
(A) Human fibroblasts, obtained from a healthy donor, untreated or treated with 5 mM TNC or 200 nM rapamycin, for 5, 20
min, 1 and 4 h at 37C, were analysed by rabbit anti-Carbamyl-Lysine antibody (Ab). (B) Membranes were reprobed with
anti-vimentin Ab. (C) Densitometric analyses are shown. Results represent the mean (S.D.) of three independent experi-
ments. *P < 0.0001 vs control, **P < 0.0001 vs control.
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200nM at 37C) and monocytic cells were lysed in lysis
buffer as described above. The cell suspensions underwent
Dounce homogenization (10 strokes) and the lysates were
centrifuged for 5min at 1300g in order to remove nuclei and
large cellular debris. Protein concentration of sample lysates
was evaluated by Bradford assay (Bio-Rad, Segrate, MI,
Italy). Then, the lysates were subjected to 15%
SDSPAGE and the proteins electrophoretically transferred
onto PVDF membranes (Bio-Rad, Segrate, MI, Italy).
Membranes were blocked with 5% defatted dried milk in
Tris-buffered saline, containing 0.05% Tween-20 and
probed with rabbit polyclonal anti-LC3 Ab (MBL
International Corporation, Ottawa, Canada, USA) or with
anti-actin mAb (Sigma-Aldrich, Milan, Italy). To visualize
bound Abs, PVDF membranes were probed with horserad-
ish peroxidase-conjugated anti-rabbit IgG Abs (Sigma-
Aldrich, Milan, Italy) or anti-mouse IgG Abs (Sigma-Aldrich,
Milan, Italy) and then immunoreactivity was assessed by
chemiluminescence reaction, as reported above.
Densitometric scanning analysis was performed by Mac
OS X (Apple Computer International, Cupertino, CA, USA),
using National Institutes of Health ImageJ 1.62 software.
The density of each band of LC3-II and actin was
analysed and the densitometric LC3-II/actin ratios are
shown.
Patients
Thirty consecutive early RA patients, all naı¨ve to treat-
ments [10 males and 20 females, mean (S.D.) age 49 (14)
years, mean disease duration 26 (15) weeks], attending
the Rheumatology Unit at ‘Sapienza’ University of Rome
and 20 healthy donors [9 men and 11 women, mean (S.D.)
age 45 (11) years] were enrolled. All the patients fulfilled
the 2010 ACR/EULAR criteria [31]. Patients were recruited
after written informed consent. Exclusion criteria were:
previous use of steroids and/or DMARDs, cardiovascular
disease, cancer, diabetes mellitus, metabolic syndrome,
renal failure and IBD.
The mean (S.D.) tender joint count of patients with RA
was 5.3 (4.4); the mean (S.D.) swollen joint count was 3.4
(3.6); the DAS 28 was 3.36 (1); the ESR was 37.7
(30)mmHg/h; and the CRP was 17.6 (26)mg/l. Eighteen
patients were positive for RF, 21 for anti-CCP antibodies
and 9 for anti-nuclear antibodies. This study was
approved by the local ethical committee of the
‘Sapienza’ University of Rome.
Monocyte isolation
Peripheral blood mononuclear cells from the venous
blood of naı¨ve patients with early-active RA and healthy
FIG. 2 Role of autophagy in vimentin carbamylation in human fibroblasts
(A) Human fibroblasts, obtained from a healthy donor, untreated or treated with 5 mM TNC or 200 nM rapamycin (20 min
or 4 h at 37C), were immunoprecipitated with goat anti-vimentin antibody (Ab). Immunoprecipitates were analysed using
anti-Carbamyl-Lysine Ab. Immunoprecipitation was checked by rabbit anti-vimentin Ab. Densitometric analysis are
shown. Results represent the mean (S.D.) from three independent experiments. *P < 0.0001 vs control, **P < 0.0001 vs
control. (B) Autophagy was checked by anti-LC3 Ab. Loading control was evaluated using anti-actin monoclonal Ab.
Densitometric LC3-II/actin ratios are shown. Results represent the mean (S.D.) of three independent experiments.
*P < 0.01 vs control, **P < 0.01 vs control. LC3: Microtubule-associated protein 1A/1B-light chain 3.
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donors were isolated by Lymphoprep density-gradient
centrifugation (Nycomed Pharma, Oslo, Norway). CD14+
monocytes were purified by incubation with anti-CD14-
coated microbeads (Miltenyi Biotec, Bergisch Gladbach,
Germany), followed by sorting with a magnetic device
(MiniMacs Separation Unit, Miltenyi Biotec, Bergisch
Gladbach, Germany) according to the manufacturer’s in-
structions. Human monocytic cells were maintained in
RPMI 1640 medium containing 10% fetal calf serum
(both Sigma-Aldrich, Milan, Italy).
Anti-carbamylated proteins antibody assay
Anti-carbamylated proteins (anti-CarP) were detected by
a solid phase ELISA, as previously described [32], using
carbamylated fetal calf serum as antigen. The cutoff for
anti-CarP antibody ELISA was established as the mean
plus three times the S.D. of the healthy controls.
Statistical analysis
Qualitative differences were analysed by the Chi-squared
and Fisher’s exact tests. Correlation analysis was carried
out by the Spearman test. P< 0.05 was considered to be
statistically significant.
Results
Role of autophagy in generation of carbamylated
proteins in human primary fibroblasts
In this study we first evaluated the presence of carbamy-
lated proteins in human fibroblasts following autophagic
stimulus, either with 5mM TNC or with 200 nM rapamycin
for different incubation times (Fig. 1A). Western blot ana-
lysis, performed using a specific rabbit anti-Carbamyl-
Lysine antibody, showed the appearance of numerous
bands, corresponding to carbamylated proteins.
Densitometric analysis revealed a significant increase of
carbamylated proteins as compared with untreated con-
trol cells, which was more evident after 4 h of treatment
(Fig. 1C).
To better characterize these bands, we focused on the
main protein subjected to post-translational modification,
that is, vimentin. With this aim, the PVDF membrane was
stripped and reprobed with specific anti-vimentin Abs. As
expected, the carbamylated band was also stained by
these Abs, indicating that autophagic stimuli are able to
induce carbamylation of vimentin (Fig. 1B). In samples
treated for 4 h, vimentin showed a double band, due to
the presence of a cleaved form of the protein (48 kDa), as
previously described [9].
Additionally, to confirm these findings, the identity of
this band was demonstrated by immunoprecipitation ex-
periments (Fig. 2A). Samples treated with TNC or rapamy-
cin for 20min or 4 h were immunoprecipitated with
anti-vimentin Abs and then subjected to western blot ana-
lysis, using anti-Carbamyl-Lysine rabbit polyclonal Ab,
which specifically recognizes carbamylated proteins. The
analysis revealed that bands, corresponding to vimentin,
were stained by the anti-Carbamyl-Lysine Ab in cells trea-
ted with TNC or rapamycin. The autophagy induced by
TNC or rapamycin treatment was verified by analysis of
the expression of LC3-II, a typical marker of autophagic
process (Fig. 2B).
Role of autophagy in generation of carbamylated
proteins in fibroblast-like synoviocites from patients
with RA
We further analysed the presence of carbamylated pro-
teins following autophagic stimulus, either with TNC or
with rapamycin, in fibroblast-like synoviocytes from pa-
tients with RA and with OA, a non-inflammatory arthritis
(Fig. 3). The results revealed a significant increase of
carbamylated proteins in cells from RA patients, as com-
pared with those from OA patients (P< 0.01). On the
basis of previous experiments, RA cells were incubated
for 4 h with TNC or rapamycin. Western blot ana-
lysis showed the appearance of numerous bands,
corresponding to carbamylated proteins (Fig. 3A).
FIG. 3 Role of autophagy in generation of carbamylated
proteins in human fibroblast-like synoviocytes from RA
patients
(A) Untreated fibroblast-like synoviocytes from OA sub-
jects and fibroblast-like synoviocytes from RA patients,
either untreated or treated with 5 mM TNC or 200 nM
rapamycin (4 h at 37C), were analysed by anti-Carbamyl-
Lysine antibody (Ab). Membranes were reprobed with
anti-vimentin Ab. (B) Densitometric analysis are shown.
Results represent the mean (S.D.) of three independent
experiments. *P < 0.01 vs control, **P < 0.01 vs control.
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Densitometric analysis revealed a significant increase of
carbamylated proteins as compared with untreated cells
(Fig. 3B). After stripping of the PVDF membranes, the
main carbamylated band was also stained by anti-
vimentin Ab, confirming the presence of a double
band, as reported below.
Additionally, the identity of this band was demonstrated
by immunoprecipitation experiments (Fig. 4A). Samples
treated with TNC or rapamycin for 4 h were immunopre-
cipitated with anti-vimentin Abs and then subjected to
western blot analysis, using anti-Carbamyl-Lysine rabbit
polyclonal Ab, indicating that the double band corres-
ponding to vimentin was stained by the anti-Carbamyl-
Lysine Ab in cells treated with TNC or rapamycin.
Increase in autophagy following treatment with TNC or
rapamycin was checked by analysis of LC3-II expression
(Fig. 4B). These data indicate that autophagy is able to
induce in vitro carbamylation processes, identifying
vimentin as the main carbamylated protein.
Evaluation of the correlation between protein
carbamylation and autophagy in monocytes of
naı¨ve patients with early-active RA
Protein carbamylation, as detected by western blot using
the anti-Carbamyl-Lysine Ab, and levels of autophagy, as
determined by the autophagic marker LC3-II, were evalu-
ated in 30 samples from naı¨ve patients with early-active
RA. The results showed an evident carbamylation in
monocytes from naı¨ve patients with early-active RA, as
compared with those from control subjects (Fig. 5A).
In order to analyse a possible association between pro-
tein carbamylation and levels of autophagy, correlation
was evaluated in the 30 naı¨ve patients with early-active
RA. The results allowed us to detect an increase in the
levels of autophagy in monocytes of those patients who
had high levels of monocyte protein carbamylation, albeit
with quite high variability among the various patients.
Western blot analysis of five representative patients
is showed in Fig. 5A. The results are summarized in
FIG. 4 Role of autophagy in vimentin carbamylation in human fibroblast-like synoviocytes from RA patients
(A) Fibroblast-like synoviocytes from RA patients, untreated or treated with 5 mM TNC or 200 nM rapamycin (20 min or 4 h
at 37C), were immunoprecipitated with goat anti-vimentin antibody (Ab). Immunoprecipitates were analysed using anti-
Carbamyl-Lysine Ab. Immunoprecipitation was checked by rabbit anti-vimentin Ab. Densitometric analysis are shown.
Results represent the mean (S.D.) of three independent experiments. *P < 0.01 vs control, **P < 0.01 vs control.
(B) Autophagy was checked by anti-LC3 Ab. Loading control was evaluated using anti-actin monoclonal Ab.
Densitometric LC3-II/actin ratios are shown. Results represent the mean (S.D.) of three independent experiments.
*P < 0.01 vs control, **P < 0.01 vs control. LC3: Microtubule-associated protein 1A/1B-light chain 3.
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FIG. 5 Correlation between monocyte carbamylation levels and LC3-II expression in RA patients
(A) Monocytes from 20 healthy donors and 30 RA patients were analysed, using anti-Carbamyl-Lysine antibody (Ab).
Samples from five representative RA patients and one healthy donor are shown. Densitometric analysis of the vimentin
band is shown. Autophagy was checked by anti-LC3 polyclonal Ab. Loading control was evaluated using anti-actin mAb.
(B) Histograms represent the mean (S.D.) of densitometric values: carbamylated proteins, ****P < 0.0001 vs control (left
panel) and LC3-II/actin ratios, *P < 0.0001 vs control (right panel). (C) Correlation between carbamylation levels and LC3-
II expression in patients with RA. A significant correlation between carbamylation levels (densitometric units of the
vimentin band) and LC3-II/actin ratios, revealed by Spearman test, was found (P < 0.0001). Lc3: Microtubule-associated
protein 1A/1B-light chain 3.
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Fig. 5B as mean (S.D.) of densitometric levels. The densi-
tometric analysis highlighted a significant association be-
tween levels of autophagy and anti-Carbamyl-Lysine
Ab (r=0.7654, P< 0.0001) (Fig. 5C), as revealed by
Spearman’s test.
These findings suggest a link between autophagy and
carbamylation processes in naı¨ve patients with early-
active RA. The analysis of anti-CarP antibodies revealed
the presence of the antibodies in 7 out of the 30 naı¨ve
patients with early-active RA (23.3%). Analysing the rela-
tionship between clinical and laboratory parameters, and
monocyte levels of autophagy and/or carbamylation did
not reveal any statistically significant correlation.
Discussion
In this study we demonstrated the role of autophagy in the
generation of carbamylated proteins and reported a rela-
tionship between the autophagic process and the levels of
protein carbamylation in naı¨ve early-active RA patients.
This research starts from previous observations which
revealed that autophagy may trigger post-translational
modifications of proteins [9]. In particular we observed
that, following autophagic stimuli, the hydrolytic conver-
sion of peptidyl-arginin to peptidyl-citrulline is activated by
deimination, catalysed by peptidyl arginine deiminases.
A significant correlation between levels of protein citrulli-
nation and the presence of ACPA in patients with RA had
been found [9].
Interestingly, lysine residues undergo a very similar
post-translational modification to homocitrulline by carba-
mylation processes. However, differently from citrullina-
tion, carbamylation-dependent homocitrullination is a
non-enzymatic mechanism that requires cyanate expos-
ure. Carbamylation may be increased by inflammation,
uraemia and smoke inhalation [33]. Recent papers identi-
fied IgG specific for carbamylated proteins in patients with
RA [34, 35], suggesting that the presence of these anti-
bodies may be useful to predict higher disease activity
and may be related to inflammatory biomarkers [36].
In light of these observations, we analysed in vitro the
role of autophagy in the activation of protein carbamyla-
tion. Our results demonstrated that autophagic cells, trea-
ted with either TNC or rapamycin, showed a significant
increase of carbamylated proteins, indicating that autop-
hagy is able to induce carbamylation processes in both
human fibroblasts and synoviocytes. Immunoblotting and
immunoprecipitation experiments identified vimentin as
the main carbamylated protein. This finding is not surpris-
ing, since a study of early and established RA cohorts
reported a strong association between anti-citrullinated
vimentin antibodies and anti-CarP Abs [37]. In this con-
text, we demonstrated for the first time the role of autop-
hagy in triggering post-translational modification of
proteins, generating both citrullinated [9] and carbamy-
lated vimentin (the present study). Moreover, it is well
known that both carbamylated and citrullinated proteins
are present in neutrophil extracellular traps [38]. Indeed, a
significant cross-road of citrullination and carbamylation
processes is also present at the azurophilic granules of
neutrophils, where both peptidyl arginine deiminases and
myeloperoxidase are active [34]. Thus, we can suggest
that both autophagy and NETosis may also play a key
role in these processes.
Finally, in this investigation we analysed ex vivo the pos-
sible relationship between autophagy and carbamylation
levels in early-active naı¨ve RA patients. We focused on
early-stage RA patients because of the opportunity to
handle patients without pharmacological treatments
(such as steroids or DMARDs), which may interfere with
our study, since some drugs may interfere with the autop-
hagic mechanism. Our results demonstrated a significant
correlation between autophagy and carbamylation levels
in mononuclear cells of naı¨ve RA patients, although, at
present, analysis of the relationship between clinical and
laboratory parameters, and monocyte levels of autophagy
and/or carbamylation, did not reveal any statistically sig-
nificant correlation. It could be considered an early trigger
for the appearance of anti-CarP Ab [39, 40], which in turn
precede the onset of RA [34]. Indeed, in this study we
observed the presence of anti-CarP antibodies only in
23.3% of early-active RA patients, supporting the view
that carbamylation represents an early trigger, which pre-
cedes the appearance of the antibodies. A follow-up
study is in progress to evaluate whether carbamylation
may represent an useful tool for evaluating the future
risk of disease progression.
In conclusion, these findings support the view that
post-translational processing of proteins in autophagy
may generate carbamylated proteins recognized by
the immune system in early-active RA [41]. These obser-
vations introduce a new pathogenetic mechanism
of disease, knowledge of the molecular aspects of
which may contribute to more accurate monitoring of
patients.
Acknowledgements
We thank Dr Tania Colasanti for her helpful assistance.
Funding: This work was supported by a grant from
Sapienza University project 2016.
Disclosure statement: The authors have declared no
conflicts of interest.
References
1 Coates LC, Fitzgerald O, Helliwell PS, Paul C. Psoriasis,
psoriatic arthritis, and rheumatoid arthritis: is all inflam-
mation the same? Semin Arthritis Rheum
2016;46:291304.
2 Othman MA, Ghazali WSW, Hamid WZWA, Wong KK,
Yahya NK. Anti-carbamylated protein antibodies in
rheumatoid arthritis patients and their association with
rheumatoid factor. Saudi Med J 2017;38:93441.
3 Costantino AB, Acosta CDV, Onetti L et al. Follicular
helper T cells in peripheral blood of patients with
rheumatoid arthritis. Reumatol Clin 2017;13:33843.
8 https://academic.oup.com/rheumatology
Valeria Manganelli et al.
D
ow
nloaded from
 https://academ
ic.oup.com
/rheum
atology/advance-article-abstract/doi/10.1093/rheum
atology/key174/5048713 by Sapienza U
niversità di R
om
a user on 20 Septem
ber 2018
4 Laustsen JK, Rasmussen TK, Stengaard-Pedersen K et al.
Soluble OX40L is associated with presence of autoanti-
bodies in early rheumatoid arthritis. Arthritis Res Ther
2014;16:474.
5 Ito H, Yamada H, Shibata TN et al. Dual role of interleukin
17 in pannus growth and osteoclastogenesis in rheuma-
toid arthritis. Arthritis Res Ther 2011;13:R14.
6 Bartok B, Hammaker D, Firestein GS. Phosphoinositide
3-kinase d regulates migration and invasion of synovio-
cytes in rheumatoid arthritis. J Immunol
2014;192:206370.
7 Matarrese P, Garofalo T, Manganelli V et al. Evidence for
the involvement of GD3 ganglioside in autophagosome
formation and maturation. Autophagy 2014;10:75065.
8 Ireland JM, Unanue ER. Processing of proteins in autop-
hagy vesicles of antigen-presenting cells generates
citrullinated peptides recognized by the immune system.
Autophagy 2012;8:42930.
9 Sorice M, Iannuccelli C, Manganelli V et al. Autophagy
generates citrullinated peptides in human synoviocytes: a
possible trigger for anti-citrullinated peptide antibodies.
Rheumatology (Oxford) 2016;55:137485.
10 Luban S, Li ZG. Citrullinated peptide and its relevance to
rheumatoid arthritis: an update. Int J Rheum Dis
2010;13:2847.
11 Nguyen H, James EA. Immune recognition of citrullinated
epitopes. Immunology 2016;149:1318.
12 Bradford CM, Ramos I, Cross AK et al. Localisation of
citrullinated proteins in normal appearing white matter and
lesions in the central nervous system in multiple sclerosis.
J Neuroimmunol 2014;273:8595.
13 Valesini G, Gerardi MC, Iannuccelli C et al. Citrullination
and autoimmunity. Autoimmun Rev 2015;14:4907.
14 Pruijn GJ. Citrullination and carbamylation in the patho-
physiology of rheumatoid arthritis. Front Immunol
2015;6:192.
15 Ospelt C, Bang H, Feist E et al. Carbamylation of vimentin
is inducible by smoking and represents an independent
autoantigen in rheumatoid arthritis. Ann Rheum Dis
2017;76:117683.
16 Wang Z, Nicholls SJ, Rodriguez ER et al. Protein carba-
mylation links inflammation, smoking, uremia and athero-
genesis. Nat Med 2007;13:117684.
17 Kraus LM, Kraus AP Jr. The search for the uremic toxin:
the case for carbamylation of amino acids and proteins.
Wien Klin Wochenschr 1998;110:S52130.
18 Koro C, Hellvard A, Delaleu N et al. Carbamylated LL-37
as a modulator of the immune response. Innate Immun
2016;22:21829.
19 Gorisse L, Pietrement C, Vuiblet V et al. Protein carba-
mylation is a hallmark of aging. Proc Natl Acad Sci USA
2016;113:11916.
20 Kraus LM, Kraus AP Jr. Carbamylation of amino acids and
proteins in uremia. Kidney Int Suppl 2001;78:S1027.
21 Spinelli FR, Pecani A, Conti F et al. Post-translational
modifications in rheumatoid arthritis and atherosclerosis:
focus on citrullination and carbamylation. J Int Med Res
2016;44:814.
22 Liu C, Tangsombatvisit S, Rosenberg JM et al. Specific
post-translational histone modifications of neutrophil
extracellular traps as immunogens and potential targets of
lupus autoantibodies. Arthritis Res Ther 2012;14:R25.
23 Sorice M, Buttari B, Capozzi A et al. Antibodies to age-b2
glycoprotein I in patients with anti-phospholipid antibody
syndrome. Clin Exp Immunol 2016;184:17482.
24 Atassi MZ, Casali P. Molecular mechanisms of auto-
immunity. Autoimmunity 2008;41:12332.
25 Jones SA, Mills KHG, Harris J. Autophagy and inflamma-
tory diseases. Immunol Cell Biol 2013;91:2508.
26 Routsias JG, Vlachoyiannopoulos PG, Tzioufas AG.
Autoantibodies to intracellular autoantigens and their B-
cell epitopes: molecular probes to study the autoimmune
response. Crit Rev Clin Lab Sci 2006;43:20348.
27 Pierdominici M, Vomero M, Barbati C et al. Role of
autophagy in immunity and autoimmunity, with a special
focus on systemic lupus erythematosus. FASEB J
2012;26:140012.
28 Lehr S, Kotzka J, Knebel B et al. Primary skin fibroblasts
as human model system for proteome analysis.
Proteomics 2002;2:2807.
29 Garofalo T, Matarrese P, Manganelli V et al. Evidence for
the involvement of lipid rafts localized at the ER-mito-
chondria associated membranes in autophagosome for-
mation. Autophagy 2016;12:91735.
30 Bombardieri M, Kam NW, Brentano F et al. A BAFF/
APRIL-dependent TLR3-stimulated pathway enhances the
capacity of rheumatoid synovial fibroblasts to induce AID
expression and Ig class-switching in B cells. Ann Rheum
Dis 2011;70:185765.
31 Aletaha D, Neogi T, Silman AJ et al. 2010 rheumatoid
arthritis classification criteria: an American College of
Rheumatology/European League Against Rheumatism
collaborative initiative. Ann Rheum Dis 2010;69:15808.
32 Shi J, van Steenbergen HW, van Nies JA et al. The spe-
cificity of anti-carbamylated protein antibodies for
rheumatoid arthritis in a setting of early arthritis. Arthritis
Res Ther 2015;17:339.
33 Rigby WFC, Skopelja-Gardner S, Jones JD. Anti-citrulli-
nated protein antibody, anti-carbamylated protein anti-
body, and rheumatoid arthritis: azurophilic granules sing
the blues. Arthritis Rheumatol 2017;69:22515.
34 Shi J, van de Stadt LA, Levarht EW et al. Anti-carba-
mylated protein (anti-CarP) antibodies precede the
onset of rheumatoid arthritis. Ann Rheum Dis
2014;73:7803.
35 Scinocca M, Bell DA, Racape´ M et al. Anti-homocitrulli-
nated fibrinogen antibodies are specific to rheumatoid
arthritis and frequently bind citrullinated proteins/peptides.
J Rheumatol 2014;41:2709.
36 Truchetet ME, Dublanc S, Barnetche T et al. Association of
the presence of anti-carbamylated protein antibodies in
early arthritis with a poorer clinical and radiologic out-
come. Arthritis Rheumatol 2017;69:2292302.
37 Challener GJ, Jones JD, Pelzek AJ et al. Anti-carbamy-
lated protein antibody levels correlate with anti-Sa (citrul-
linated vimentin) antibody levels in rheumatoid arthritis.
J Rheumatol 2016;43:27381.
https://academic.oup.com/rheumatology 9
Autophagy induces protein carbamylation
D
ow
nloaded from
 https://academ
ic.oup.com
/rheum
atology/advance-article-abstract/doi/10.1093/rheum
atology/key174/5048713 by Sapienza U
niversità di R
om
a user on 20 Septem
ber 2018
38 Skopelja S, Hamilton BJ, Jones JD et al. The role for
neutrophil extracellular traps in cystic fibrosis auto-
immunity. JCI Insight 2016;1:e88912.
39 Pecani A, Alessandri C, Spinelli FR et al. Prevalence,
sensitivity and specificity of antibodies against carbamy-
lated proteins in a monocentric cohort of patients with
rheumatoid arthritis and other autoimmune rheumatic
diseases. Arthritis Res Ther 2016;18:299.
40 Spinelli FR, Pecani A, Ciciarello F et al.
Association between antibodies to carbamylated pro-
teins and subclinical atherosclerosis in rheumatoid
arthritis patients. BMC Musculoskelet Disord
2017;18:263.
41 Dai Y, Hu S. Recent insights into the role of autophagy in
the pathogenesis of rheumatoid arthritis. Rheumatology
(Oxford) 2016;55:40310.
10 https://academic.oup.com/rheumatology
Valeria Manganelli et al.
D
ow
nloaded from
 https://academ
ic.oup.com
/rheum
atology/advance-article-abstract/doi/10.1093/rheum
atology/key174/5048713 by Sapienza U
niversità di R
om
a user on 20 Septem
ber 2018
